High levels of positive pressure breathing in the dog resulted in substantial depression of central blood volume as well as cardiac output and arterial pressure. The administration of metaraminol elevated these lowered values while positive pressure breathing was maintained. The beneficial effects observed are thought to be attributable to this drug's influence on venous and arteriolar tone and myocardial contractility. The mechanism of the circulatory depression produced by positive pressure breathing is discussed. I NSUFFICIENT attention has been focused on the problem of the magnitude and significance of the redistribution of blood from thorax to periphery during high levels of positive pressure breathing (PPB). Fenn et al. 1 demonstrated a caudad shift of weight in human subjects on a tilt table during PPB and used this as an indication of blood volume redistribution. However, quantitative analysis was complicated by diaphragmatic and visceral descent and the presence of the upper extremities and head on the thoracic side of the tilttable fulcrum. The primary purpose of the present investigation was to observe the effects of PPB on the distribution of blood between thorax and periphery and to determine whether the use of a sympathomimetic agent would diminish such blood displacement if it occurred. It was also of considerable interest to determine whether the depression of cardiac output which occurs during PPB would be elevated by such an agent.
A pharmacologic agent which might ameliorate the circulatory depression of PPB ideally should possess the following characteristics: (a) change the pressure-volume relationship of systemic veins in such a way as to decrease the volume of blood which they contain at any given pressure, (b) increase peripheral arteriolar resistance in order to maintain arterial pressure Received for publication July 22, 1957. and coronary flow in the presence of a limited cardiac output, and (c) increase myocardial contractility and thereby increase ejection force and volume when ventricular size is limited by the extracardiac pressure present during PPB. Previous investigations have shown that Aramine, (metaraminol, levo-1-(m -hydroxyphenyl -1) -2 -amino -I -propanol) possesses these characteristics. 2 ' 3 Aramine also affords substantial protection to dogs exposed to otherwise fatal levels of PPB.
METHOD
The indicator dilution method using the Hamilton formulas for determining cardiac output and central blood volume was employed. The concentration of Evans blue dye* was continuously metercd with the clensitometer developed by Gilford, Gregg, Shadle, Ferguson, and Marzetta. 5 f Rapid injection of dye was made from a calibrated syringe through a catheter of known volume, the tip of which was placed in or near the right atrium. The midpoint of travel of the injection syringe was automatically signaled on the recorder. Withdrawal of blood from the aortic arch by way of a low volume catheter (0.30 ml.) through the cuvette clensitometer was accomplished by a constant rate, motor driven syringe. Blood withdrawal rate was always 30 ml./min. This amount was simultaneously replaced with donor blood that had previously been mixed with that of the experimental animal.
The clensitometer signal was fed into the vertical axis of a Librascope X-Y plotter. % The horizontal axis was provided with a constant speed sweep actuated by a motor driven potentiometer. curve recorded was calibrated by means of a fourpoint curve using the experimental clog's own blood obtained anaerobically. Dye concentrations were determined by the Beckman spectrophotometer. All curves were replotted on semilogarithmic paper, and satisfied the criteria of Dow. 6 Mongrel dogs of both sexes weighing from 7.3 to 15.1 Kg. were anesthetized with a single dose of morphine-chloralose-urethane. 4 Tracheal intubation permitted the application of varying levels of PPB with a positive displacement pump which provided a fluctuating positive pressure throughout each cycle. The particular level of PPB chosen in any given experiment was, in general, that which would produce severe circulatory depression in that dog without threatening prompt circulatory arrest as described in detail previously. 4 Airway, right atrial and femoral artery pressures were continuously recorded on a Sanborn multi-channel oscillograph by means of electromanometers. Catheter locations and right atrial baselines were determined at the end of each experiment. The blood of experimental and donor dogs was rendered incoaguable with mepesulfate, 30 mg./Kg. initially, and 125 mg. each hour, thereafter. Aramine was administered intravenously in doses of 0.2 mg./Kg. When splenectomy was done, this was performed 2 to 3 weeks prior to the experiment. blue dye method showed an average discrepancy between the two methods of 6.5 per cent, with a maximum difference of 10.8 per cent. The measured fluid volume between the tips of the injection and sampling catheters in the pump model was 585 ml. In 16 experiments the average discrepancy between the volume determined from the dye dilution curves and the actual volume was 8.0 per cent with a maximum of 17.3 per cent.
The second approach was to make a series of .14 cardiac output determinations by the blue dye method while total aortic flow was being metered by the Potter electroturbinometer. The latter measurement records cardiac output minus coronary flow. With values for the hematocrit readings, aortic pressure, and heart rate, coronary flow could be estimated from previously obtained data 7 within sufficiently narrow limits for this purpose and total cardiac output thus obtained. This value was then compared to the figure obtained by the dye technic. The average discrepancy between the two measurements in 14 such comparisons was 6 per cent with a maximum of 18 per cent. EXPERIMENTAL 
RESULTS
In the 6 dogs of group 1, observations were confined to the effects of PPB on cardiac output, central blood volume and arterial pressure (table 1) . Group 2, in which all 8 dogs were splenectomized, was used to ascertain the effects of Aramine administered during the application of PPB (table 2). In the 4 splenectomized clogs of group 3, determinations were made during a control period, during a period of PPB, and during a control period after the release from PPB. Aramine was then administered and the sequence repeated with identical airway pressures and periods of PPB (table 3) . In spite of the fact that a stable control state was not achieved in several experiments, the direction and magnitude of the subsequent changes permitted adequate interpretation.
Effect of PPB on Cardiac Output, Central Blood Volume, and Arterial Pressure. In the 18 dogs subjected to an average mean airway pressure of 25 cm. of water, cardiac output fell an average of 72 per cent from control levels, central blood volume fell an average of 35 per cent and mean femoral arterial pressures fell an average of 56 per cent. All 18 dogs showed a fall in cardiac output and arterial pressure and a rise in right atrial pressure. Fourteen of the 18 dogs showed a substantial fall in central blood volume, 23 to 60 per cent from control values. In 3 dogs the fall was equivocal and in . 1 dog central blood volume rose (tables 1-3).
Effect of Aramine on Circulatory Depression Induced by PPB. In the 8 dogs of group 2 (table 2) data were obtained during a control period, during PPB, and after the administration of Aramine while PPB was maintained at the same level. The observed circulatory depression induced by PPB was ameliorated by Aramine as shown in figure 1 . This agent elevated cardiac output and arterial pressure in all 8 dogs. Central blood volume rose significantly in 6 of the 8 dogs and equivocally in 2 in the period immediately following Aramine administration. There was, however, a tendency for this improvement to diminish with time (table 2). Eight atrial pressure rose an average of 3.6 cm. of water in 7 of the dogs and fell 2.0 cm. in the eighth.
Circulatory Effects of PPB Following Prior Administration of Aramine. In the 4 dogs of group 3 (table 3) , data were obtained during control, PPB, and second control periods. Aramine was then administered and the sequence repeated. After the administration of Aramine, the reapplication of PPB produced substantially less depression of cardiac output and arterial pressure in all 4 dogs and reduced blood volume in 3 of these 4 dogs. This occurred despite the observation that a second application of a given high level of PPB generally produces a substantially more severe circulatory depression than the first.
DISCUSSION
The increased pressure around the bloodcontaining thoracic structures during high levels of PPB constitutes an impediment to the rate of return of blood to the thorax, since the pressure gradient influencing venous return appears to be diminished. 8 Inasmuch as there is no simultaneous impediment to the outflow of blood from the chest, a brief period of disequilibrium must occur during which thoracic blood volume diminishes. In the authors' view, the most important consequence of this decrease in thoracic blood volume is the limitation of ventricular diastolic volume and the resulting diminution in the force of ventricular contraction.
The extent to which any given level of PPB will redistribute blood from thorax to periphery would appear to be a function of the tone of the peripheral venous bed. Previous studies on the genesis of hypertensive lung edema revealed that the volume of blood in the lungs is a reciprocal function of the tone of peripheral blood vessels, presumably venous. 9 This view is supported by the observations that pulmonary blood volume is diminished under the vasodilatory influences of spinal anesthesia 10 and ganglionic blockade." Other studies 8 demonstrated that at any given level of PPB circulatory depression is more pronounced when sympathetic blockade is present, presumably because of decreased venous tone. It seemed not unlikely, therefore, that if an increase in venous tone could be brought about, the redistribution of blood from thorax to periphery would be less at any given intrapleural pressure level. Accordingly, when it was demonstrated that Aramine shifts the length-tension curve of isolated vein strips 3 and has a similar action in vivo, 12 it appeared that such an agent would be likely to diminish the depletion of intrathoracic blood volume during PPB. The data presented here appear to suport this view, especially since the possible effects of Aramine on the spleen were eliminated by prior splenectomy in groups 2 and 3. Thus, the effect of a sympathomimetic drug in counteracting the circulatory depression of PPB is in some ways akin to the effect of a pressure suit which, among other things, decreases the distensibility of the peripheral vascular bed.
The decrease in central blood volume is compatible with the fluoroscopically observed diminution in heart size when PPB is applied. This reduction in heart size is in effect cardiac tamponade since it is attributable to an abnormally elevated extracardiac pressure; 13 it is therefore pertinent that Aramine ameliorates the circulatory depression produced by simple cardiac tamponade without PPB. 14 The possible role of increased pulmonary vascular resistance during PPB warrants consideration. In the absence of PPB, the main pulmonary artery can be constricted to a point which produces great increases in the resistance to right ventricular outflow without a reduction in cardiac output. However, when this is done there is no restriction to right ventricular filling and filling pressure increases thereby providing the stimulus for a more forceful contraction with which to overcome the increased outflow resistance. During PPB, because of the tamponade of the heart and great veins and interference with inflow, the right ventricle is deprived of this increased fiber length stimulus and minor increases in pulmonary vascular resistance could, therefore, significantly contribute to the observed decrease in flow.
Finally, the observation that central blood volume diminishes with PPB may account for its reported salutary effects in patients with acute pulmonary edema since this diminution in volume must be accompanied by a lower effective pulmonary capillary filtration pressure. 9
SUMMARY
The effects of high levels of positive pressure breathing (PPB) on cardiac output, central blood volume and arterial pressure were investigated using a continuously recording cuvette densitometer for the application of the Hamilton dye-dilution technic. In eighteen dogs subjected to an average mean airway pressure of 25 cm. of water, cardiac output fell an average of 72 per cent, central blood volume fell an average of 35 per cent, and mean femoral arterial pressure fell an average of 56 per cent. Cardiac output and arterial pressure rose substantially in the 8 dogs administered Aramine (0.2 mg./Kg., i.v.) while PPB was maintained; central blood volume rose significantly in 6 of these 8. In 3 of 4 dogs, Aramine administered prophylactically afforded significant protection against the circulatory depression subsequently induced by PPB. The data observed are compatible with the view that the circulatory depression during PPB results primarily from the interference with thoracic inflow imposed by elevated intrapleural pressures.
SUMMARIO IN INTEIILINGUA
Le effectos de alte nivellos de respiration a pression positive super le rendimento cardiac, le central volumine de sanguine, e le pression arterial esseva investigate secundo le technica Hamilton de dilution de colorantes, applicate per medio de un densimetro a cuvette pro registrationes continue. In 18 canes, subjicite a un pression medie in le vias aeree de 25 cm de aqua, le rendimento cardiac reageva per un reduction medie de 72 pro cento, le central volumine de sanguine per un reduction medie de 35 pro cento, e le pression medie del arteria femoral per un reduction medie de 56 pro cento. Le rendimento cardiac e le pression arterial ascendeva considerabilemente in 8 canes recipiente administrationes intravenose de Ara-mina in doses de 0,2 mg/kg durante que le pression positive del respiration esseva mantenite; le central volumine de sanguine ascendeva significativemente in 6 de ille 8. In 3 ex 4 canes, le administration prophylactic de Aramina resultava in grados significative de protection contra le depression circulatori subsequentementc inducite per respiration sub pression positive. Le presente observationes se accorda con lc conception que le depression circulatori in respiration sub pression positive resulta primarimente ab le obstruction del influxo thoracic que es le consequentia del augmentate pressiones mtrapleural.
